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ABSTRACT
As native, freshwater mussels continue to decline in the United States, successful
conservation and management plans are essential for their survival. Understanding the
drivers of native mussel declines, how the ecological roles mussels play within aquatic
systems may be affected by declines, and the conservation status of our mussel fauna in
different watersheds is critical to inform management and conservation efforts. The Asian
clam (Corbicula fluminea, Müller, 1774) is an invasive species found throughout the
United States that can reach densities of greater than 1000/m². Given these high densities,
Asian clams have been linked to declines in native mussels through hypothesized
mechanisms including competition for food and space and depredation of glochidia.
Moreover, Asian clams may not fill the same ecological roles as native mussels and could
negatively affect the overall health and productivity of a freshwater system because of
differences in filter-feeding characteristics and the microorganisms they influence. I
conducted a mesocosm experiment using two native mussel species, Plectomerus
dombeyanus (Valenciennes, 1827) and Amblema plicata (Say, 1817), to assess the
influence of Asian clams on adult mussels and to assess the influence of native mussels
and Asian clams on biofilm production from July 2, 2019 to August 28, 2019. I
constructed a flow-through system where 30 0.69 m² mesocosms were supplied with
constant water flow (1,440 L per day) from Kentucky Lake. My experiment consisted of
exposing 8 base mussels (4 of each study species) to varying densities of Asian clams (0,
10, 100, or 1000/m²) or comparable densities of native mussels for 8 weeks. Glycogen
content of P. dombeyanus was not affected by density, organism, or their interaction, and
A. plicata glycogen levels were not affected by organism. However, A. plicata glycogen
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levels were influenced by density. Low, medium, and high density treatments had
glycogen contents 34%, 14%, and 32% lower than the control, respectively. Additionally,
medium density treatments had glycogen contents 18% and 16% higher than the low and
high densities, respectively. After week 7, biofilm production was 3 and 1.8 times higher
in native mussel tanks compared to control and Asian clam tanks, respectively. My
results do not support the hypothesis that Asian clams negatively influence native mussel
health, but this question requires further research. Specifically, as Asian clams are often
the dominant bivalve in the aquatic systems they have invaded, I suggest for some
species, like A. plicata, Asian clams at high and low densities could influence native
mussel health negatively. Moreover, my results further elucidate the critical ecological
roles, such as biofilm production, mussels play in the systems they inhabit, which I found
are not replaced by the Asian clam.
In addition to my controlled experiments, I conducted a descriptive survey of the
mussel fauna in the Little River in western Kentucky. I conducted timed-search surveys
via snorkeling, bottom view buckets, and tactile searches at 31 sites throughout the Little
River and its tributaries. Photo vouchers were taken of live mussels discovered and all
shells were collected and identified. I found live specimens of 7 species representing a
total of 33 individuals, and I found live mussels at only 7 sites. Mean mussel catch-perunit-effort (CPUE) was 0.0092/minute and ranged from 0 to 0.11/minute among sites. I
collected shell material from 24 species, including 3 species not previously reported from
the watershed; shell material was abundant at some sites, but most species were present
only as old, weathered shells. A total of 25 mussel species were reported historically from
the Little River watershed. My finding of only 7 live species suggests that as much as
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75% of the mussel fauna is extirpated. Historical estimates of mussel abundance are not
available for any site in the watershed, but my extremely low CPUE estimates combined
with the abundance of weathered shells suggest that mussel abundance has declined
dramatically and population sizes of remaining species are small. The reasons for mussel
declines in the Little River system are unknown. It is necessary to better understand what
has led to the loss of mussel fauna within the river before considering this system a
candidate for mussel restoration.
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CHAPTER 1
INTRODUCTION
Freshwater mussels are a critical component of aquatic ecosystems because they
perform a variety of important functions and exceed the combined biomass of all other
benthic organisms in some aquatic systems (Layzer, Gordon & Anderson, 1993; Vaughn,
2017). While they mainly consume and remove phytoplankton, mussels also filter
contaminants out of the water (Li et al., 2010; Ismail et al., 2014; Vaughn, 2017).
Moreover, they bioaccummulate materials in their soft tissues and shells, which makes
them important indicators of environmental change (Vaughn, 2017). Despite their
importance in aquatic ecosystems, American unionid mussel populations are suffering
from a rapid decline (Lydeard & Mayden, 1995; Vaughn & Taylor, 1999). In the United
States and Canada, 202 of 300 recognized species are listed as vulnerable, imperiled,
critically imperiled, possibly extinct, or extinct by the Natural Heritage Network, and in
the United States 37 species are presumed extinct (Master et al., 2000). Hypotheses for
declines include landscape modification, stream degradation, and the introduction of nonnative species, but these proposed mechanisms fail to fully explain mussel declines
suggesting a factor driving these declines has been overlooked (Hornbach et al., 2017;
Haag, 2019).
The invasive bivalve Corbicula fluminea (Müller 1774) (hereafter Asian clam) is
one potential overlooked threat to native bivalves (Leff, Burch & McArthur, 1990). Asian
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clams were first observed in North America in the Columbia River, Washington in the
1930s and it now has established populations throughout the United States (Strayer,
1999). Asian clams can be found on every continent except for Antarctica and can
tolerate a wide range of temperatures (Karatayev et al., 2007). Life history traits
including high growth rates, early maturity, high fecundity, and high filtration rates have
increased their invasion success (McMahon, 1991; Sousa, Antunes & Guilhermino,
2008). Moreover, climate change may benefit Asian clams, while native mussels are
likely to decline (Ferreira-Rodríguez & Pardo, 2017). With future projections and their
current invasion levels in many areas, it is important for us to understand what effects
Asian clams may have on native mussels.
There is a lack of consensus about whether Asian clams pose a threat to native
mussels, with most results coming from field observations and inferences from the
literature (Clarke, 1988; Strayer, 1999). Research suggests Asian clams may negatively
influence unionid populations via competition for food resources, space, and/or predation
(Strayer, 1999). For instance, Asian clams have greater mass-specific filtration rates than
native bivalves (McMahon, 1991). Thus, they may compete with native mussels by
reducing the amount of phytoplankton in the water (Cohen et al., 1984; Pigneur et al.,
2014), and ultimately decrease the health of native mussels by causing them to use stored
energy reserves to survive (Ferreira-Rodríguez, Sousa & Pardo, 2016). Asian clam
populations can experience periodic die-offs resulting in increased ammonia levels that
could become toxic to some mussel species (Cherry et al., 2005). Additionally,
burrowing activity of Asian clams can displace juvenile mussels maturing in the
sediment, causing them to be washed into unsuitable substrate and decreasing their
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survival (Yeager, Neves & Cherry, 1999). Glochidia can be accidentally ingested by
adult Asian clams which may lead to reduced mussel recruitment (Yeager, Neves &
Cherry, 1999), and it has been suggested Asian clams may be a vector for disease
specifically affecting native mussels (Haag, 2019). Despite these potential effects, there
are few studies experimentally assessing the influence of Asian clams on native mussels
(but see Cooper, Bidwell & Cherry, 2005; Ferreira-Rodríguez, Sousa & Pardo, 2016;
Ferreira-Rodríguez & Pardo, 2017; Ferreira-Rodríguez et al., 2018a, 2018b; FerreiraRodríguez, 2019; Nakano & Morii, 2019), particularly in the United States.
In some streams, Asian clams can be one of the largest components of the benthic
invertebrate community (Poff et al. 1993). At these high densities, Asian clams can affect
phytoplankton levels and water clarity (Cohen et al., 1984; Phelps, 1994). In addition to
their filter-feeding capabilities, Asian clams have also been shown to pedal-feed in the
sediment (Reid et al., 1992). The ability to pedal-feed can lead to a decrease in sediment
organic matter when nutrients are not as available in the water column (Hakenkamp &
Palmer, 1999). When Asian clams are present, levels of bacteria in stream beds decrease
due to active pedal-feeding and bioturbation which can remove bacteria from the
sediment (Hakenkamp et al., 2001). Asian clams have been found to preferentially feed
on smaller materials such as picoautotrophs, whereas Elliptio crassidens mussels
preferentially filtered nanoeukaryotes, which correlated to an increase in bacteria when
mussels were present (Atkinson et al., 2011). These differences could lead to Asian clams
not filling the same ecological roles as native mussels (Vaughn & Hakenkamp, 2001) and
could influence other organisms which native mussels are known to benefit (e.g. bacteria
and algae; Atkinson et al., 2011, 2013; Atkinson, Kelly & Vaughn, 2014).
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Population declines and recognition of the ecological importance of mussels has
led to intensive freshwater restoration efforts (Strayer et al., 2004). But, to assess which
restoration efforts are necessary knowledge of the distribution of mussels within a
watershed is essential (FMCS, 2016). However, many freshwater systems have largely
been unsampled or gaps between surveying efforts are large (FMCS, 2016). Mussel
surveys cataloging live individuals and shell material can result in range expansions and
new species records, as well as allow for monitoring population trends and obtaining
demographic data (FMCS, 2016). Unless mussel distributions are well-documented, and
those records are maintained, managers cannot determine when declines begin to occur
and intervention is necessary (FMCS, 2016). The Little River is a system within the state
of Kentucky that has never been comprehensively surveyed and of survey efforts that
have been completed few are readily available (Haag & Cicerello, 2016). Improving our
knowledge of the Little River and its mussel fauna is important to assist in the
management and conservation of freshwater mussels within Kentucky.
To successfully conserve freshwater mussels, we must first understand the causes
of mussel declines, such as the potential effects of the invasive Asian clam, as well as
understand current mussel populations within our freshwater systems. Thus, the
objectives of my research were to:
1) Assess the influence of Asian clams on the health of adult, native mussels.
2) Determine if biofilm production is influenced by native and invasive bivalves.
3) Conduct a survey to assess the current status of mussel populations in the Little River,
Kentucky, USA.
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CHAPTER 2
VARIABLE EFFECTS OF INVASIVE AND NATIVE BIVALVES ON GLYCOGEN
CONTENT OF ADULT NATIVE MUSSELS
Abstract
I assessed the influence of an invasive bivalve, the Asian clam (Corbicula
fluminea), on two native mussel species, Amblema plicata (Threeridge) and Plectomerus
dombeyanus (Bankclimber). I conducted controlled experiments within flow-through
chambers, which included 7 treatments with density (high, medium, low, none) and
organism (Asian clam or native mussel) as factors. Prior to stocking with Asian clams or
native mussels at each density, I collected and randomly added 4 of each native mussel
species (8 total mussels) and allowed these base mussels to acclimate for 1 week. After 8
weeks, I non-lethally measured the glycogen content of each base mussel. There was no
effect of density or organism on the glycogen content of P. dombeyanus, and organism
did not affect the glycogen content of A. plicata. There was an effect of density on A.
plicata with low, medium, and high density treatments having glycogen contents 34%,
14%, and 32% lower than the control, respectively. Additionally, the A. plicata medium
density treatments had glycogen contents 18% and 16% greater than low and high density
treatments, respectively. The low and high density treatments did not differ from each
other. Though there may not be a direct effect of Asian clams on the glycogen levels of
native mussels, there is an effect of density. Given that Asian clams are often found in
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high densities within freshwater systems, they could influence the health of native
mussels that are already experiencing other stressors (e.g. pollution, sedimentation,
climate change) and could ultimately influence their survival and reproductive success.
Background
North America’s native freshwater mussel fauna have experienced rapid declines
(Vaughn & Taylor, 1999; Strayer et al., 2004) and are now one of the most imperiled
freshwater fauna groups in the world (Lydeard et al., 2004). Reasons for mussel declines
can be directly linked to specific drivers like landscape destruction and stream alteration
(e.g. dams) in some North American streams, but reasons for many declines remain
unexplained (Haag, 2019). The spread of filter-feeding, non-native bivalves is considered
one of the largest threats to the overall health of freshwater ecosystems (Higgins &
VanderZanden, 2010) and are a potential factor contributing to enigmatic native
freshwater mussel declines (White, Wilson & Clarke, 2006).
Most research on invasive bivalves and their potential effects on native mussels
have focused on the zebra mussel (Dreissenia spp.) while the potential effects of Asians
clams (Corbicula fluminea) have been less studied (Haag, 2019). Asian clams were
introduced to North America on Vancouver Island, British Columbia in the late 1800s
(McMahon, 1982). Specific details of introduction to North America are unclear,
however the most plausible reason is deliberate introduction as a food item, as Asian
clams are consumed by humans in their native range (Counts, 1981). The Asian clam’s
life history traits (e.g. rapid growth, early maturity, high fecundity, and high filtration
rates) have allowed them to be successful invaders across nearly all of North America
(Hornbach, 1992; Sousa, Antunes & Guilhermino, 2008) and two other continents, South
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America (Ituarte, 1994) and Europe (Mouthon, 1981). Asian clams spread and
established initial populations in the United States on the northern west coast in the early
1900s and reached the eastern portion of the country in the late 1950s followed by rapid
expansion across the southeast (Strayer, 1999). Historical data indicates many enigmatic
mussel declines began to occur in the late 1960s, soon after Asian clams were established
throughout the USA, though the arrival of Asian clams was largely ignored as a potential
cause (Haag, 2019).
Asian clams may negatively influence native mussels via competition for food
resources, space, and/or predation (Strayer, 1999). Asian clams have greater massspecific filtration rates than native bivalves (McMahon, 1991). Thus, they may compete
with native mussels by reducing the amount of phytoplankton in the water (Cohen et al.,
1984; Pigneur et al., 2014), and ultimately decrease the growth of native mussels by
causing them to use stored energy reserves to survive (Ferreira-Rodríguez, Sousa &
Pardo, 2016). Asian clams may depredate the glochidia of native mussels (Yeager, Neves
& Cherry, 1999) and it has been speculated Asian clams could act as a vector for diseases
affecting freshwater mussels (Haag, 2019). Nevertheless, though Asian clams may
influence the health of native mussel populations already experiencing other stressors
(e.g. agricultural runoff, impoundment, nutrient limitation) and ultimately play a role in
their declines, few studies have assessed the influence of Asian clams on the health of
native mussels.
Bivalves store carbohydrate energy reserves mainly in the form of glycogen
(Naimo et al., 1998) and these reserves are used for critical physiological processes
including reproduction and growth (Hamza-Chaffai, Pellerin & Amiard, 2003). Studies
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have demonstrated that glycogen levels decrease quickly in response to a reduction in
food availability or environmental stress, including in response to invasive species, and
can be an early indicator of stress before changes in survival become evident (Williams &
McMahon 1989; Haag et al., 1993; Patterson, Parker & Neves, 1999). Native mussels
have lower mass-specific filtration rates than Asian clams, and may remove lower
amounts of food from the water column (McMahon, 1991). Additionally, Asian clams are
less selective feeders than native mussels (Atkinson et al., 2011). Thus, I used glycogen
levels as a health biomarker to assess the response of P. dombeyanus and A. plicata to
different densities of Asian clams and comparable densities of native mussels based on
clearance rates. Asian clams may outcompete native mussels for nutrients within the
water column because of their greater filtration rates and ultimately cause native mussels
to utilize their stored energy reserves (McMahon, 1991; Ferreira-Rodríguez & Pardo,
2017). Carbohydrate levels in Unio delphinus were negatively correlated with increasing
densities of Asian clams (Ferreira-Rodríguez, Sousa & Pardo, 2016). Moreover, A.
plicata exposed to zebra mussels, an invasive species with similarly high filtration rates
as Asian clams, for three months had reduced glycogen content (Haag et al., 1993). Thus,
I predicted the glycogen content of native mussels would be negatively correlated with
increasing densities of Asian clams and native mussels. Moreover, I expected the
glycogen content of mussels exposed to the same density treatment to be lower in the
Asian clam treatment compared to the native mussel treatment.
Materials and Methods
Study Site
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All experiments were conducted at Hancock Biological Station, which is situated
on the edge of Kentucky Lake, Kentucky, USA, a Tennessee Valley Authority reservoir
on the Tennessee River. Kentucky Lake stretches approximately 295 km from Kentucky
Dam at TRM 22.4 to Pickwick Landing Dam at TRM 206.7 (Sickel & Burnett, 2002) and
has a mean discharge of 1812m³s⁻¹ (White, 2014). Kentucky Lake is considered
mesotrophic and has seasonally dictated nutrient concentration patterns (Bukaveckas,
Williams & Hendricks, 2002; Yurista et al., 2004). Hancock Biological Station is
situated on the edge of an embayment along the western edge of Kentucky Lake. During
the experiment from July 2, 2019 to August 28, 2019, the average temperature ranged
from 28.2 – 29.7⁰C (x̅ ± SE = 29.14 ± 0.45⁰C), dissolved oxygen ranged from 1.94 – 7.87
mg/L (x̅ ± SE = 5.41± 1.79 mg/L) and pH ranged from 7.45 – 7.66 (x̅ ± SE = 7.53 ±
0.07), ammonia levels ranged from 0.02 – 0.03 mg/L (x̅ ± SE = 0.02 ± 0.003 mg/L), and
chlorophyll levels ranged from 9.22 – 18.8 μg/L (x̅ ± SE = 14.3 ± 2.8) in Kentucky Lake
(Hancock Biological Station, HBS, unpublished data). These data were collected from
two long-term monitoring sites near the embayment where Hancock Biological Station is
located.
I also collected additional Asian clams for my experiment from one site in the
Little River, KY, USA. The Little River is a major tributary of the Lower Cumberland
River drainage beginning in Christian County, KY and eventually terminating at its
confluence with Lake Barkley, an impoundment of the Cumberland River (White et al.,
2001; Haag & Cicerello, 2016). The collection site was located in the south fork of the
Little River within the city of Hopkinsville (36.814713, -87.496777).
Study Species and Collection
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I used P. dombeyanus and A. plicata in my study because they are the most
prevalent mussel species in Kentucky Lake (Sickel & Burnett, 2002). P. dombeyanus is
found across the southeastern United States, but in Kentucky is generally restricted to the
Tennessee and lower Cumberland Rivers (Haag & Cicerello, 2016). This species is most
common in clay or mud slopes, but also occurs in gravel and sand (Williams, Bogan &
Garner, 2008). The glochidial host fish species for P. dombeyanus is unknown (Williams,
Bogan & Garner, 2008; Haag & Cicerello, 2016). A. plicata is one of the most widely
distributed mussel species in the United States and can also be found across the state of
Kentucky (Haag & Cicerello, 2016). This species inhabits a variety of substrates but is
most commonly found in sand and gravel (Parmalee & Bogan 1998). A. plicata’s host
fish species is not known, but it is believed to be a generalist (Haag & Cicerello, 2016).
Asian clams have been present in Kentucky Lake since the late 1950s and are now one of
the most abundant bivalves (White, 2014).
I hand-collected P. dombeyanus and A. plicata mussels and Asian clams from
Kentucky Lake and Asian clams from Little River, KY via a combination of snorkeling
and SCUBA in May/June 2019. After collection, mussels and clams were placed in mesh
cages or bags and securely stored off the shoreline of Kentucky Lake. Storage containers
were monitored each day to ensure complete water coverage. All mussels used were
returned to Kentucky Lake at the end of the experiment.
Experimental Design
The experimental setup consisted of 30, 0.69 m2 cattle tanks filled with
approximately 10 cm of sand to provide substrate for mussels and clams. Each flowthrough tank was covered with window screening to aid in shading and prevent predation
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by mammals. A shade cloth was also placed approximately 1.5 m above the entire flowthrough setup. The flow-through tanks were gravity-fed from a 4,163 L storage tank
filled with unfiltered water via a well pump placed in Kentucky Lake, which provided a
food supply for the mussels and clams. Water flow was approximately 1,440 L per day,
resulting in roughly 12 water changes in each tank per day. The pump used to extract
water from Kentucky Lake was attached to a floating dock. Therefore, depth from which
water was pumped varied, as Kentucky Lake is an impoundment with water levels
dictated by dam release rates. Each tank had its own inflow pipe with a valve that could
be used to adjust the flow rate and an outflow pipe. The individual inflow pipes were
attached to the main pipe from the storage tank. Flow rates were checked daily and
adjusted as needed based on the amount of water exiting each tank within 30 seconds.
The valve on the inflow pipe was adjusted until an outflow rate of 1L per minute was
achieved.
My experiment consisted of a 4 x 2 factorial design with density (high, medium,
low, and none) and organism [Asian clam (AC) or native mussel (NM)] as factors.
Organism treatments with Asian clams were stocked by weights which were
approximately equal to 1000 (3174 g), 100 (468 g), and 10 (69 g) individuals/m² based on
the average weight of 100 randomly chosen Asian clams I collected
(x̅ =4.6 g per Asian clam, including shell). Organism treatments with native mussels were
stocked such that the clearance rates of added mussels were equal to the corresponding
Asian clam treatment relative to the total biomass (g) placed into each tank. To determine
these stocking densities, I measured clearance rates of 5 individual mussels of each
species and 5 groups of 5 Asian clams by placing them into 1 L glass jars containing
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either 500 mL (native mussels) or 250 mL (Asian clams) of water with 4mg/L of Neutral
Red dye (Fisher Chemical™) (Martinez-Haro et al., 2016). All clearance rate trials
occurred in low light conditions to prevent reaction of the Neutral Red dye. I collected 1
mL aliquots from each jar of the neutral red solution after allowing the mussels to filter
for 90 minutes. Samples were treated with 1 μl of diluted perchloric acid and vortexed
until color change was noted. Then 150 μl of each sample was placed in a 96-well plate
and analyzed using spectrophotometry (545 nm). I determined the weight of each mussel
species to be added to native mussel treatments by dividing the clearance rate of Asian
clams (0.0018 L/g/h) by two so that half of the clearance rate was matched to each native
mussel species. The resulting number was divided by the clearance rates for A. plicata
(0.0007 L/g/h) or P. dombeyanus (0.0004 L/g/h) and then multiplied by the
corresponding weight of Asian clams in low (69g), medium (468g), or high (3174g)
density treatments. As a result of these trials, densities of stocked mussels corresponded
to 90.84 g (x̅ ± SE = 89.85 ± 12.01; ~3/m²), 617.7 g (x̅ ± SE = 622.5 ± 3.18; ~6/m²), and
4178.9 g (x̅ ± SE = 4172.1 ± 6.28; ~36/m²) of A. plicata and 153.0 g (x̅ ± SE = 155.25 ±
0.93; ~3/m²), 1040.5 g (x̅ ± SE = 1041.1 ± 3.31; ~10/m²), and 7038.9 g (x̅ ± SE = 7092.8
± 48.5; ~65/m²) of P. dombeyanus in low, medium, and high native mussel treatment
tanks, respectively.
I replicated each treatment four times (7 total treatment combinations), left two
tanks empty, and randomly assigned treatments to each tank. All Asian clams collected
from Kentucky Lake and the Little River were mixed before random assignment to
treatment tanks to reduce potential effects of collection location on experimental results.
Four of each native mussel species (8 total mussels) were weighed, tagged (BetterBee ®
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Queen Number Set) (Monte McGregor, personal communication), and randomly stocked
as base mussels into each treatment tank, except for the two tanks which remained empty.
As base mussels were stocked, weights were used to maintain a similar size structure
between all tanks for P. dombeyanus and A. plicata such that the average weight of the
four base mussels in a tank were within 10 grams of each other for A. plicata (x̅ ± SE =
174.1 ± 0.68) and 25 grams for P. dombeyanus (x̅ ± SE = 164.6 ± 1.43). Base mussels
were stocked in mid-June 2019 and allowed to acclimate to tank conditions for 2 weeks.
The Asian clams and native mussels corresponding with each treatment were stocked in
their assigned tanks on July 2, 2019 and were then left undisturbed for eight weeks until
August 28, 2019, less occasional checks for mortality. If mortality of a treatment mussel
or Asian clam occurred, the individual was replaced with a similar sized individual. Base
mussels were not replaced if mortality occurred.
Particulate Matter Quantification
I collected 1 L water samples weekly from each tank from the same location and
depth near the outflow pipe to quantify total suspended solids (TSS) and total organic
solids (TOS). Prior to filtering samples, I prepared fiberglass filters by washing with DI
water three times followed by drying in an oven at 60⁰C for one hour. I filtered the water
through the prepared filters using a vacuum suction apparatus. After filtration, the filters
were dried in a 60⁰ C oven for 18 hours and then weighed to determine TSS. After
drying, they were placed in a kiln at 450⁰ C for 4 h and then reweighed to obtain the ashfree dry weight. I determined the TOS for each sample by subtracting the ash-free dry
weight from the TSS weight.
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Figure 2-1. Set-up of mesocosm flow-through system (with the exception of the shade
cloth) with 4,163 L reservoir tank and 30 0.69m² individual tanks completed in Murray,
KY, USA from July-August 2019.

Water Chemistry Measures
I measured water chemistry parameters (temperature, pH, and dissolved oxygen)
weekly in each tank using a multi-parameter water quality monitoring instrument (YSI
6820). For each measurement, I placed the probe in the center of the tank 5 cm above the
substrate. Ammonia was measured three times throughout the duration of the experiment
with water samples collected from each tank during weeks 2, 4, and 6, and analyzed
within 24 hours of collection. Concentrations of ammonia in water samples were
determined by Hancock Biological Station of Murray State University following the
American Public Health Association (2006) Standard Methods using Lachat
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QuickChem® 8500 Flow Injection Analyzer (Lachat Instruments, Loveland, Colorado).
The measurement of ammonia in water samples is based on an alkaline-phenol method
that has a holding time of less than 24 hours. Lachat Quickchem® methods are
proprietary but correspond to EPA methods, such as Ammonia: EPA method 350.1.
Glycogen Quantification
At the end of the experiment, I collected an approximately 30 mg piece of tissue
from each base mussel using a non-lethal foot biopsy (Berg et al., 1995) to quantify
glycogen content. Tissue samples were stored in a -80⁰ C freezer until analysis. Tissue
samples were homogenized and a 5 mg portion of the homogenate was used to quantify
glycogen using a phenol-sulfuric acid method following Vodáková & Douda (2019). I
quantified the glycogen content of each sample via spectrophotometry at a wavelength of
490 nm.
Data Analysis
I assessed the influence of density, organism, and their interaction on TSS, TOS,
temperature, pH, DO, and ammonia in each tank using a general linear model in Program
R version 3.5.1 (R Core Team, 2018). If a significant interaction was not found it was
removed from the model and only the additive model was reported. If I found a
significant effect of density, organism, or their interaction, I calculated the effect size
between each combination of factors as the unpaired mean difference and associated 95%
confidence intervals using the Program R package dabestr (Ho et al., 2018). I considered
comparisons with effect size 95% confidence intervals that did not cross 0 significant.
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I assessed the influence of density, organism, and their interaction on the
glycogen content of A. plicata and P. dombeyanus base mussels using a generalized
linear model in Program R version 3.5.1 (R Core Team, 2018). After evaluating the
residuals and qqplot (Wickham, 2016) for each GLM, we used the log of glycogen
content for A. plicata and P. dombeyanus for a better model fit. As we found no effect of
the interaction term between density and organism on the glycogen content of A. plicata
(F2 = 0.34, p = 0.72) or P. dombeyanus (F2 = 0.94, p = 0.40), I present the results of the
additive model only for the density and organism factors. If I found a significant effect of
density or organism, I assessed differences between each combination of parameters as
described above. One A. plicata base mussel in the medium AC treatment died during the
experiment and was removed from the tank. Additionally, one and four data points were
removed from the A. plicata and P. dombeyanus data, respectively, due to measurement
error.
Results
Particulate Matter
There was no effect of density, organism, or their interaction on TSS levels in
tanks during weeks 1-7 (Table 2-1). There was an effect of organism and density x
organism on TSS levels during week 8 (Table 2-1). There was no effect of density,
organism, or their interaction on TOS levels during weeks 1, 3-5, 7, and 8 (Table 2-2),
but there was a density x organism effect in week 2 and an effect of organism in week 6.
Mean differences and associated 95 % confidence intervals for each relevant comparison
are summarized in Tables 2-7, 2-8, and 2-9.
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Water Chemistry
There was no effect of density, organism, or density x interaction on temperature
during any week (Table 2-3) or on pH levels during weeks 1, 5, and 6 (Table 2-4). In
weeks 2-4 and week 7 there was an effect of organism on pH (Table 2-4) and in week 8
an effect of density on pH (Table 2-5). During week 2, there was an effect of density x
interaction on dissolved oxygen (DO) levels (Table 2-5). DO levels were affected by
density during week 3 and 5, and were affected by organism in week 3 and 4 (Table 2-5).
In weeks 2 and 4, there was an effect of density x interaction on ammonia levels. During
week 6, only density influenced ammonia levels (Table 2-6). Mean differences and
associated 95 % confidence intervals for each relevant comparison are summarized in
Tables 2-7, 2-8, and 2-9.
Glycogen Content
The glycogen content of P. dombeyanus was not influenced by density or
organism, and A. plicata glycogen levels were influenced by density, but not organism
(Table 2-10, Table 2-11). Specifically, the glycogen content of A. plicata were 34%,
14%, and 32% lower in the low, medium, and high-density treatments compared to the
control, respectively (Table 2-12, Figure 2-2). The glycogen content of A. plicata in the
medium-density treatment was 18% greater than the high-density treatments and was
16% greater than the low-density treatments (Table 2-12). The glycogen content of A.
plicata in the low-density treatment did not differ from the high-density treatment (Table
2-12).
Discussion
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For A. plicata, increasing Asian clam and native mussel densities generally
negatively influenced glycogen levels and we found no effects of any treatment on P.
dombeyanus. Previously, research demonstrated mussels exposed to increased densities
of Asian clams had lower carbohydrate levels (Ferreira-Rodríguez, Sousa & Pardo,
2016). Though the density of Asian clams and native mussels both influenced A. plicata
glycogen levels, Asian clams are often found at high densities, comparable to our highdensity treatment, in the freshwater systems they have colonized. In some areas where
they are present, Asian clam biomass can surpass that of all other benthic-dwelling
organisms in streams (Poff et al., 1993). They have been recorded at densities up to
836.9/m2 in several Kentucky streams (Dr. Wendell Haag, unpublished data) and at
densities of 1,000/m2 or greater in other freshwater systems (McMahon 1983; Poff et al.
1993). Thus, when at these high densities Asian clams could still play a role in reducing
the health of some native mussel species, like A. plicata that may be more sensitive to
competition, and are already experiencing a variety of other stressors (e.g. agricultural
runoff, stream degradation, etc.). These effects could ultimately lead to long-term effects
on survival and reproduction, which I did not measure in this study.
The glycogen levels of P. dombeyanus were not affected by increasing densities
of Asian clams or native mussels. If P. dombeynus is less influenced by increasing
densities of other bivalves in the same system, this may be one explanation for why P.
dombeyanus populations have increased in Kentucky Lake since their introduction to the
lake in the early 1980s.
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Table 2-1. The degrees of freedom, sum of squares (SS), mean squares (MS), F-values, and p-values associated with generalized linear
models assessing the influence of density (none, low, medium, and high) and organism (none, Asian clams, and native mussels) on the
total suspended solids (TSS) (mg/mL) measured in weeks 1-8 during a mesocosm experiment completed in Murray, KY, USA.
Bolded p-values indicate a significant result.
Treatment
Week 1
Density
Organism
Residuals
Week 2
Density
Organism
Residuals
Week 3
Density
Organism
Residuals
Week 4
Density
Organism
Residuals
Week 5
Density
Organism
Residuals
Week 6
Density
Organism
Residuals
Week 7
Density
Organism
Residuals

df

SS

MS

F-value

P-value

3
1
23

1.12e-06
2.60e-07
4.46e-06

3.73e-07
2.60e-07
1.94e-07

1.92
1.34

0.15
0.26

3
1
23

9.56e-07
7.00e-07
1.30e-05

3.19e-07
07.00e-07
5.61e-07

0.57
1.25

0.64
0.28

3
1
23

7.25e-07
5.00e-08
1.16e-05

2.24e-07
5.04e-08
5.05e-07

0.48
0.10

0.70
0.76

3
1
23

1.51e-07
9.20e-07
1.40e-05

5.02e-07
9.20e-07
6.10e-07

0.82
1.51

0.49
0.23

3
1
23

6.74e-06
3.50e-07
2.36e-05

2.25e-06
3.50e-07
1.03e-06

2.18
0.34

0.12
0.57

3
1
23

3.09e-06
9.60e-07
7.91e-06

1.03e-06
9.60e-07
3.44e-07

3.00
2.79

0.05
0.11

3
1
23

2.01e-06
2.34e-06
1.32e-05

6.71e-07
2.34e-06
5.74e-07

1.17
4.08

0.34
0.06
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Table 2-1. Continued.
Treatment
Week 8
Density
Organism
Density*Organism
Residuals

df

SS

MS

F-value

P-value

3
1
2
21

2.83e-07
2.54e-06
3.02e-06
8.69e-06

9.42e-08
2.53e-06
1.51e-06
4.14e-07

0.23
6.12
3.65

0.88
0.02
0.04
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Table 2-2. The degrees of freedom, sum of squares (SS), mean squares (MS), F-values, and p-values associated with generalized linear
models assessing the influence of density (none, low, medium, and high) and organism (none, Asian clams, and native mussels) on the
total organic solids (TOS) (mg/mL) measured in weeks 1-8 during a mesocosm experiment completed in Murray, KY, USA. Bolded
p-values indicate a significant result.
Treatment
Week 1
Density
Organism
Residuals
Week 2
Density
Organism
Density*Organism
Residuals
Week 3
Density
Organism
Residuals
Week 4
Density
Organism
Residuals
Week 5
Density
Organism
Residuals
Week 6
Density
Organism
Residuals
Week 7
Density
Organism
Residuals

df

SS

MS

F-value

P-value

3
1
23

7.66e-07
6.34e-07
4.05e-06

2.55e-07
6.34e-07
1.73e-07

1.45
3.60

0.25
0.07

3
1
2
21

1.61e-06
2.40e-07
3.02e-06
8.14e-06

5.37e-07
2.40e-07
1.51e-06
3.88e-07

1.39
0.62
3.90

0.28
0.44
0.04

3
1
23

3.11e-07
1.67e-07
4.92e-06

1.04e-07
1.67e-07
2.22e-07

0.47
0.75

0.71
0.40

3
1
23

3.30e-07
1.31e-06
9.86e-06

1.10e-07
1.31e-06
4.29e-07

0.26
3.05

0.86
0.09

3
1
23

0.0004
0.0002
0.004

0.0001
0.0002
0.0002

0.90
1.13

0.46
0.30

3
1
23

3.28e-06
2.60e-06
1.29e-05

1.09e-06
2.60e-06
5.63e-07

1.95
4.62

0.16
0.04

3
1
23

1.64e-06
1.45e-06
1.12e-05

5.48e-07
1.45e-06
4.87e-07

1.13
2.98

0.36
0.10
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Table 2-2. Continued.
Treatment
Week 8
Density
Organism
Residuals

df

SS

MS

F-value

P-value

3
1
23

7.01e-07
1.67e-07
8.17e-06

2.34e-07
1.67e-07
3.55e-07

0.66
0.47

0.59
0.50
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Table 2-3. The degrees of freedom, sum of squares (SS), mean squares (MS), F-values, and p-values associated with generalized linear
models assessing the influence of density (none, low, medium, and high) and organism (none, Asian clams, and native mussels) on
temperature (⁰C) measured in weeks 1-8 of a mesocosm experiment completed in Murray, KY, USA. Bolded p-values indicate a
significant result.
Treatment
Week 1
Density
Organism
Residuals
Week 2
Density
Organism
Residuals
Week 3
Density
Organism
Residuals
Week 4
Density
Organism
Residuals
Week 5
Density
Organism
Residuals
Week 6
Density
Organism
Residuals
Week 7
Density
Organism
Residuals

df

SS

MS

F-value

P-value

3
1
23

0.76
0.13
7.50

0.25
0.13
0.33

0.78
0.39

0.52
0.54

3
1
23

0.07
0.10
1.54

0.02
0.10
0.07

0.34
1.46

0.80
0.24

3
1
23

0.71
0.0007
2.04

0.24
0.0007
0.09

2.69
0.008

0.07
0.93

3
1
23

1.27
0.80
21.23

0.42
0.80
0.92

0.46
0.86

0.71
0.36

3
1
23

0.28
0.01
4.09

0.09
0.01
0.18

0.52
0.06

0.67
0.81

3
1
23

0.30
0.0007
2.26

0.10
0.0007
0.10

1.00
0.007

0.41
0.93

3
1
23

0.74
0.08
11.43

0.25
0.08
0.16

0.50
0.16

0.69
0.69
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Table 2-3. Continued.
Treatment
Week 8
Density
Organism
Residuals

df

SS

MS

F-value

P-value

3
1
23

0.06
0.21
3.44

0.02
0.21
0.15

0.13
1.38

0.95
0.25
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Table 2-4. The degrees of freedom, sum of squares (SS), mean squares (MS), F-values, and p-values associated with generalized linear
models assessing the influence of density (none, low, medium, and high) and organism (none, Asian clams, and native mussels) on pH
measured in weeks 1-8 of a mesocosm experiment completed in Murray, KY, USA. Bolded p-values indicate a significant result.
Treatment
Week 1
Density
Organism
Residuals
Week 2
Density
Organism
Residuals
Week 3
Density
Organism
Residuals
Week 4
Density
Organism
Residuals
Week 5
Density
Organism
Residuals
Week 6
Density
Organism
Residuals
Week 7
Density
Organism
Residuals
Week 8
Density
Organism
Residuals

df

SS

MS

F-value

P-value

3
1
23

0.07
0.03
0.27

0.02
0.03
0.01

2.05
2.66

0.14
0.12

3
1
23

0.01
0.03
0.14

0.004
0.03
0.006

0.75
2.11

0.54
0.03

3
1
23

0.02
0.08
0.39

0.007
0.08
0.02

0.44
4.85

0.72
0.04

3
1
23

0.009
0.08
0.20

0.003
0.08
0.009

0.35
9.42

0.79
0.005

3
1
23

0.05
0.03
0.20

0.02
0.03
0.009

2.06
3.65

0.13
0.07

3
1
23

0.04
0.04
0.33

0.01
0.04
0.01

1.01
2.51

0.41
0.13

3
1
23

0.01
0.03
0.05

0.004
0.03
0.002

1.61
13.09

0.21
< 0.01

3
1
23

0.02
0.007
0.04

0.008
0.007
0.002

4.76
4.01

0.01
0.06
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Table 2-5. The degrees of freedom, sum of squares (SS), mean squares (MS), F-values, and p-values associated with generalized linear
models assessing the influence of density (none, low, medium, and high) and organism (none, Asian clams, and native mussels) on
DO (mg/L) measured in weeks 1-8 of a mesocosm experiment completed in Murray, KY, USA. Bolded p-values indicate a significant
result.
Treatment
Week 1
Density
Organism
Residuals
Week 2
Density
Organism
Density*Organism
Residuals
Week 3
Density
Organism
Residuals
Week 4
Density
Organism
Residuals
Week 5
Density
Organism
Residuals
Week 6
Density
Organism
Residuals
Week 7
Density
Organism
Residuals

df

SS

MS

F-value

P-value

3
1
23

0.49
0.09
1.99

0.16
0.09
0.09

1.90
0.99

0.16
0.33

3
1
2
21

1.64
0.90
0.97
0.52

0.55
0.90
0.48
0.02

22.04
36.17
19.49

< 0.01
< 0.01
< 0.01

3
1
23

0.67
0.38
0.95

0.22
0.38
0.04

5.40
9.17

< 0.01
< 0.01

3
1
23

0.85
1.38
2.79

0.28
1.38
0.12

2.32
11.39

0.10
< 0.01

3
1
23

2.75
0.03
4.47

0.92
0.03
0.19

4.72
0.13

0.01
0.72

3
1
23

0.59
0.07
2.13

0.20
0.07
0.93

2.12
0.74

0.13
0.40

3
1
23

0.07
0.72
4.02

0.02
0.72
0.17

0.14
4.12

0.93
0.05
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Table 2-5. Continued.
Treatment
Week 8
Density
Organism
Residuals

df

SS

MS

F-value

P-value

3
1
23

0.69
0.00
4.32

0.23
0.00
0.19

1.22
0.00

0.32
1.00

Table 2-6. The degrees of freedom, sum of squares (SS), mean squares (MS), F-values, and p-values associated with generalized linear
models assessing the influence of density (none, low, medium, and high) and organism (none, Asian clams, and native mussels) on
ammonia (mg/L) measured in weeks 2, 4, and 6 of a mesocosm experiment completed in Murray, KY, USA. Bolded p-values indicate
a significant result.
Treatment
df
SS
MS
F-value
P-value
Week 2
Density
3
0.003
0.001
9.94
< 0.01
Organism
1
0.003
0.003
26.12
< 0.01
Density*Organism
2
0.002
0.001
8.47
< 0.01
Residuals
23
0.002
0.0001
Week 4
Density
3
0.006
0.002
30.44
< 0.01
Organism
1
0.0003
0.0003
4.25
0.05
Density*Organism
2
0.0007
0.0004
5.51
0.01
Residuals
23
0.001
6.43e-05
Week 6
Density
3
0.003
0.001
3.08
0.047
Organism
1
0.0006
0.0006
1.77
0.20
Residuals
23
0.008
0.0004
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Table 2-7. Unpaired mean differences (MD) between treatments and their 95% confidence intervals associated with total suspended
solids (TSS; mg/mL) in week 8, total organic solids (TOS; mg/mL) in week 2, DO (mg/L) in week 2, and ammonia (NH₃; mg/L) in
weeks 2 and 4 measured within mesocosms with different densities (none, low, medium, and high) of organisms (none, Asian clams,
and native mussels) during week 8 of an experiment completed in Murray, KY, USA. The MDs are presented for weeks where general
linear models indicated there was a significant organism x density interaction. Bolded unpaired mean difference values indicate a
significant result.
Week 8 – TSS
MD (95 % CI)

Week 2 – TOS
MD (95 % CI)

Week 2 – DO
MD (95 % CI)

Week 2 – NH₃
MD (95 % CI)

Week 4 – NH₃
MD (95 % CI)

Low AC:Control

0.0005 (-0.0002, 0.0016)

0.0005 (-0.0001, 0.0014)

-0.10 (-0.30, 0.04)

-0.001 (-0.01, 0.01)

0.001 (-0.003, 0.007)

Med AC:Control

-0.0001 (-0.0007, 0.0002)

-0.00003 (-0.0004, 0.0004)

0.02 (-0.14, 0.12)

-0.006 (-0.01, 0.0004)

0.02 (0.009, 0.02)

High AC:Control

0.001 (0.0003, 0.0015)

-0.0002 (-0.0005, 0.0003)

-0.15 (-0.36, -0.02)

0.003 (-0.007, 0.01)

0.03 (0.01, 0.03)

Low NM:Control

-0.0003 (-0.001, 0.0005)

0.0001 (-0.0003, 0.0005)

-0.04 (-0.21, 0.08)

0.0003 (-0.008, 0.008)

0.006 (0.002, 0.01)

Med NM:Control

0.0002 (-0.0005, 0.0009)

-0.0003 (-0.0006, 0.0001)

-0.29 (-0.44, -0.17)

0.01 (0.001, 0.02)

0.01 (0.002, 0.02)

High NM:Control

-0.0005 (-0.001, -0.0001)

0.0011 (-0.0002, 0.002)

-1.07 (-1.37, -0.81)

0.05 (0.03, 0.06)

0.05 ( 0.04, 0.06)

Low AC:Med AC

0.0006 (-0.0001, 0.002)

0.0005 (-0.0001, 0.001)

-0.11 (-0.29, -0.01)

0.005 (-0.003, 0.02)

-0.01 (-0.02, -0.007)

Low AC:High AC

-0.001 (-0.001, 0.0007)

0.0006 (7.5e-05, 0.002)

0.06 (-0.12, 0.22)

-0.004 (-0.01, 0.01)

-0.03 (-0.03, -0.01)

Low AC:Low NM

0.0003 (-0.0005, 0.0009)

0.0004 (-0.0002, 0.001)

-0.06 (-0.23, 0.07)

-0.001 (-0.01, 0.01)

-0.004 (-0.007, -0.001)

Low AC:Med NM

0.0003 (-0.001, 0.002)

0.001 (0.0002, 0.002)

0.19 (0.01, 0.31)

-0.01 (-0.03, 0.003)

-0.01 (-0.02, -0.001)

Low AC:High NM

0.001 (0.0003, 0.002)

-0.001 (-0.002, 0.001)

0.97 (0.69, 1.25)

-0.05 (-0.06, -0.03)

-0.05 (-0.06, -0.04)

Med AC:High AC

-0.001 (-0.002, -0.0005)

0.0001 (-0.0003, 0.0005)

0.17 (0.06, 0.34)

-0.009 (-0.02, -0.003)

-0.01 (-0.02, 0.003)

Med AC:Low NM

0.0002 (-0.0007, 0.0008)

-0.0001 (-0.0005, 0.0003)

0.06 (-0.03, 0.17)

-0.007 (-0.01, -0.002)

0.01 (0.003, 0.01)

Med AC:Med NM

-0.0003 (-0.001, 0.0004)

0.0002 (-0.0001, 0.0006)

0.30 (0.21, 0.39)

-0.02 (-0.03, -0.01)

-0.01 (-0.01, 0.01)

Med AC:High NM

0.0004 (-0.0003, 0.0008)

-0.001 (-0.002, 0.0001)

1.08 (0.84, 1.35)

-0.05 (-0.07, -0.04)

-0.03 (-0.04, -0.02)

Comparison
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Table 2-7. Continued.
Comparison

Week 8 – TSS
MD (95 % CI)

Week 2 – TOS
MD (95 % CI)

Week 2 – DO
MD (95 % CI)

Week 2 – NH₃
MD (95 % CI)

Week 4 – NH₃
MD (95 % CI)

High AC:Low NM

0.001 (0.0004, 0.002)

-0.0003 (-0.0007, -2.5e-05)

0.11 (-0.28, 0.02)

0.002 (-0.005, 0.009)

0.02 (0.008, 0.03)

High AC:Med NM

0.001 (-2.5e-05, 0.002)

0.0001 (-0.0002, 0.0005)

0.14 (-0.05, 0.25)

-0.01 (-0.02, -0.003)

0.02 (0.001, 0.03)

High AC:High NM

0.001 (0.0008, 0.002)

-0.001 (-0.002, 2.5e-05)

0.92 (0.63, 1.2)

-0.04 (-0.06, -0.03)

-0.02 (-0.0, -0.01)

Low NM:Med NM

-0.0005 (-0.001, 0.0005)

0.0004 (0, 0.0007)

0.25 (0.13, 0.34)

0.01 (0.002, 0.02)

-0.005 (-0.01, 0.003)

Low NM:High NM

0.0002 (-0.001, 0.001)

-0.001 (-0.002. 0.0003)

1.03 (0.77, 1.3)

-0.04 (-0.06, -0.03)

-0.04 (-0.05, -0.03)

Med NM:High NM

0.001 (-0.0001, 0.001)

-0.001 (-0.002, -7.5e-05)

0.78 (0.53, 1.05)

-0.03 (-0.05, -0.02)

-0.04 (-0.05, -0.02)

Table 2-8. Unpaired mean differences (MD) between treatments and their 95% confidence intervals associated with pH in week 8, DO
(mg/L) in weeks 3 and 5, and ammonia (mg/L) in week 6 measured within mesocosms exposed to different densities of Asian clams
or native mussels (control [none], low, medium, and high) in an experiment completed in Murray, KY, USA. The MDs are presented
for weeks where general linear models indicated there was an effect of density. Bolded unpaired mean difference values indicate a
significant result.
Comparison

Week 8 – pH MD
(95% CI)

Low:Control

-0.02 (-0.05, 0.03)

Medium:Control

-0.02 (-0.05, 0.03)

High:Control

-0.08, (0.14, -0.03)

Low:Medium

-0.001 (-0.04, 0.03)

High:Medium

-0.07 (-0.12, -0.03)

High:Low

-0.06 (-0.12, -0.02)

Week 3 – DO MD
(95% CI)
-0.10 (-0.31, 0.31)

Week 5 – DO MD
(95% CI)
0.23 (-0.15, 0.83)

Week 6 - NH₃ MD
(95% CI)
-0.0005 (-0.005, 0.002)

-0.16 (-0.38, -0.01)

-0.004 (-0.43, 0.62)

-0.0002 (-0.004, 0.003)

-0.43 (-0.78, -0.19)

-0.57 (-1.1, 0.08)

0.02 (0.007, 0.06)

0.06 (-0.05, 0.17)

-0.23 (-0.05, 0.53)

-0.0003 (-0.003, 0.002)

-0.27 (-0.59, -0.05)

-0.57 (-1.00, -0.14)

0.02 (0.008, 0.06)

-0.33 (-0.64, -0.12)

-0.80 (-1.21, -0.40)

0.02 (0.008, 0.06)
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Table 2-9. Unpaired mean differences (MD) between treatments and their 95% confidence intervals associated with total organic
solids (TOS; mg/mL) in week 6, pH in weeks 2, 3, 4, and 7, and DO (mg/L) in week 4 measured within mesocosms exposed to
different organisms (Asian clams or native mussels) in an experiment completed in Murray, KY, USA. The MDs are only presented
for weeks where general linear models indicated there was an effect of organism. Bolded unpaired mean difference values indicate a
significant result.
Comparison

Week 6 – TOS MD
(95 % CI)

Week 2 – pH MD
(95% CI)

Week 3 – pH MD
(95%CI)

Week 4 – pH MD
(95% CI)

Week 7 – pH MD
(95% CI)

Week 4 – DO MD
(95% CI)

AC:Control

0.0003 (-0.0006, 0.002)

-0.007 (-0.007, 0.06)

0.05 (-0.07, 0.20)

0.02 (-0.03, 0.10)

0.01 (-0.02, 0.07)

0.02 (-0.08, 0.14)

NM:Control

0.0009 (0.0008, 0.002)

-0.08 (-0.13, -0.02)

-0.06 (-0.16, 0.03)

-0.10 (-0.15, -0.05)

-0.06 (-0.09, -0.02)

-0.46 (-0.87 -0.21)

NM:AC

0.0007 (0.0001, 0.001)

-0.08 (-0.13, -0.02)

-0.12 (-0.25, -0.03)

-0.12 (-0.20, -0.05)

-0.07 (-0.12, -0.04)

-0.48 (-0.87, -0.24)

Table 2-10. The mean and standard errors associated with the glycogen content (mg/g) of Plectomerus dombeyanus and Amblema
plicata mussels with none (control), low, medium, and high densities of Asian clams (AC) or native mussels (NM) at the end of a
mesocosm experiment completed in Murray KY, USA.
Treatment Plectomerus dombeyanus (Mean ± SE) Amblema plicata (Mean ± SE)
Control
51.46 ± 3.99
50.59 ± 2.62
Low AC
48.41 ± 3.14
37.49 ± 2.22
Med AC
44.93 ± 3.52
45.39 ± 2.66
High AC
45.34 ± 3.25
40.24 ± 3.75
Low NM
46.88 ± 3.97
38.11 ± 2.43
Med NM
46.34 ± 3.00
41.72 ± 2.44
High NM
49.14 ± 4.13
33.69 ± 2.69
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Table 2-11. The degrees of freedom, sum of squares (SS), mean squares (MS), F-values, and p-values associated with generalized
linear models assessing the influence of density (none, low, medium, and high) and organism (none, Asin clams, and native mussels)
on the log of glycogen content (mg/g) in Plectomerus dombeyanus and Amblema plicata at the end of a mesocosm experiment
completed in Murray, KY, USA.
Treatment
df
SS
MS
F-value
P-value
Plectomerus dombeyanus
Density
3
0.092
0.031
0.44
0.73
Organism
1
0.001
0.001
0.02
0.90
Residuals
103
7.17
0.070
Amblema plicata
Density
3
1.54
0.513
6.02
< 0.01
Organism
1
0.045
0.045
0.53
0.47
Residuals
105
8.954
0.085
Table 2-12. Unpaired mean differences (MD) between treatments and their 95% confidence intervals associated with the log of
glycogen content (mg/g) of Amblema plicata exposed to different densities of Asian clams or native mussels (control [none], low,
medium, and high) during a mesocosm experiment completed in Murray, KY, USA. Bolded unpaired mean difference values indicate
a significant result.
Comparison
MD (95 % CI)
Low-Control

-0.30 (-0.43; -0.16)

Medium-Control

-0.14 (-0.27; -0.003)

High-Control

-0.33 (-0.49; -0.17)
0.16 (0.04; 0.29)

Medium-Low
Medium-High

0.19 (0.04; 0.34)

High-Low

-0.02 (-0.17; 0.15)
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Figure 2-2. Mean glycogen content (mg/g), standard deviations, and raw data points (top)
and effect sizes (unpaired mean differences) and 95% CIs of Amblema plicata mussels
exposed to different densities (none [control], low, medium, and high) of Asian clams or
native mussels during a mesocosm experiment completed in Murray, KY, USA.
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When this species was introduced it was found in low densities, contributing to 0.15 % of
the overall mussel fauna in Kentucky Lake, but by 1995 it comprised 18.11% of the
population (Sickel & Burnett, 2002). By 2001, numbers of P. dombeyanus increased twofold and they were predicted to become the most abundant species in the lake (Sickel &
Burnett, 2002). While A. plicata did not decline in Kentucky Lake from 1995-2001, the
population increased at a slower rate than previously observed (Sickel & Burnett, 2002).
Though I did not find a direct effect of Asian clams on the native mussel species I
studied, differences in the glycogen responses I observed between A. plicata and P.
dombeyanus in response to Asian clam and mussel densities highlights the importance of
considering effects on a species by species basis. Moreover, Kentucky Lake is less
nutrient limited (Bukaveckas, Williams & Hendricks, 2002; Yurista et al., 2004) than
many of the rivers and streams in Kentucky where high densities Asian clams have been
observed. Thus, the effects of increased Asian clams could be more pronounced within
these nutrient-limited streams (Dr. Wendell Haag, personal communication). It is also
important to acknowledge I completed my study within small tanks and I measured
effects on adult mussels, which are slower-growing at this stage and have lower energy
requirements compared to juvenile mussels (Haag, 2012). Thus, it may take longer than
the 8 weeks of my study for negative effects to be detectable in adults. Additionally,
Asian clams may have a stronger effect on juveniles because of their higher energetic
requirements (Yeager, Cherry & Neves, 1994). To address these knowledge gaps
controlled studies like this one need to be replicated with variable nutrient levels
mimicking food-limited streams over longer time periods with juvenile and adult
mussels. Additionally, studies monitoring native mussels and their responses to
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increasing densities of Asian clams need to be completed within larger mesocosms within
natural freshwater systems to understand how Asian clams may be affecting the health of
our native species under less artificial conditions.
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CHAPTER 3
NATIVE MUSSELS POSITIVELY INFLUENCE BIOFILM PRODUCTION
COMPARED TO AN INVASIVE BIVALVE
Abstract
I assessed the influence of native, freshwater mussels and invasive, Asian clams
on biofilm production using a controlled experiment over an 8-week period. I conducted
my experiment within flow-through chambers, which included 7 treatments with density
(high, medium, low, none) and organism (Asian clam or native mussel) as factors. I
placed three ceramic tiles in each tank during week 1 of the experiment and removed one
tile bi-weekly beginning in week 3 through week 7. The accumulated biofilm on each tile
was scraped off and biofilm production was calculated as the total organic solids present
on each tile. Biofilm production was not influenced by density or organism after weeks 3
and 5, and was not influenced by density after week 7. However, there was an effect of
organism on biofilm production after week 7 with native mussels having biofilm
production approximately 3 and 1.8 times greater than the control and Asian clam
treatments, respectively. My results highlight the importance of native mussels in
stimulating biofilm production and indicate Asian clams may not fill an equivalent
ecological role as native mussels. As biofilms play an important role in nutrient cycling
within aquatic systems, an increase in Asian clams and decrease in native freshwater
mussels could negatively influence these broader ecosystem level processes.
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Background
Biofilms, which contain algae, fungi, and bacteria enclosed within a mucilage
matrix, play an influential role in biogeochemical cycling and primary production within
aquatic ecosystems (Guasch & Sabater, 1995; Peng & Bly, 1998; Ascón & Lebeault,
1999; Sekar et al., 2002). Their role in these processes is important in streams because
nutrient availability is dependent on downstream flow (Atkinson et al., 2013).
Additionally, they provide food resources to a variety of aquatic organisms at multiple
trophic levels (e.g. insect larvae, other microorganisms) (Atkinson et al., 2013). Given
their role in biogeochemical cycling and as a food resource within aquatic systems,
reduction in biofilms could have broad scale ecosystem level effects. Thus, it is important
for us to quantify how factors, such as invasive species and losses in native freshwater
mussels, may influence biofilms.
Freshwater mussels (Unionidae) are long-lived filter feeders which occur in dense
beds in many freshwater systems (Strayer, 2008). Along with providing beneficial
ecological functions, mussels aid in the removal of nutrients from the water column,
making them locally available and reducing downstream nutrient losses and stimulating
primary production (Vaughn & Hakenkamp, 2001; Atkinson et al., 2011). As water
passes over cilia along the gills, organic materials become attached to a mucus lining and
are transported to the stomach (Haag, 2012). After digestion and use of nutrients by the
organism, excretion and biodeposition make nutrients available for use by other
organisms (Nalepa et al., 1991; Howard & Cuffey, 2006). Mussel biodeposition (i.e. the
excretion of feces and pseudofeces) can lessen the effects of nutrient limitation and
promote biofilm growth by converting nutrients and making them readily available
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(Atkinson et al., 2013). Yet, most recognized freshwater mussel species in North
America are listed as species of concern as populations across the continent decline
(Master et al., 2000). Consequently, these decreases in native mussel fauna may
negatively affect biofilms.
With decreasing native freshwater mussel populations, several invasive bivalves
have been introduced, including Asian clams. After being introduced to North America
on Vancouver Island, British Columbia in the late 1800s (McMahon 1982), the Asian
clam spread and established populations throughout the United States. Life history traits
including high growth rates, early maturity, high fecundity, and high filtration rates
allowed them to become successful invaders (McMahon, 1991; Sousa, Antunes &
Guilhermino, 2008). It is hypothesized they may play a role in native mussel declines
(Clarke, 1988; Haag, 2019) because they reach high densities (Kraemer, 1979) and have
greater filtration rates compared to many native mussel species (McMahon, 1991; Strayer
et al., 1999). Given these differences between native mussels and Asian clams, Asian
clams may not fill a similar ecological role as native mussels (Vaughn & Hakenkamp,
2001), such as not displaying a similar positive relationship with biofilm production. Yet,
to my knowledge, no studies have assessed the influence of Asian clams on biofilm
production.
I used Plectomerus dombeyanus and Amblema plicata mussels and Asian clams to
understand how biofilm production is influenced by native and invasive bivalves at
differing densities. I hypothesized Asian clams and native mussels would affect biofilm
production differently. To test this hypothesis I conducted an experiment in flow through
tanks stocked with varying densities of native mussels or Asian clams. Higher quality
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forms of nitrogen and phosphorous present in mussel biodeposits can stimulate biofilm
production (Atkinson et al., 2013; Atkinson, Kelly & Vaughn, 2014) and in previous
research, the native mussel Elliptio crassidens promoted microbial growth (Atkinson et
al., 2011). Thus, I predicted that biofilm production would be greater in tanks with native
mussels. Conversely, I predicted biofilm production would be lower in tanks stocked with
Asian clams because they have higher filtration rates than native mussels (McMahon,
1991) and are less selective when consuming microorganisms (Atkinson et al., 2011).
Additionally, I predicted biofilm production would increase with increasing density as the
more bivalves were present, the amount of biodeposits added back to the water would
have increased as well.
Materials and Methods
Study Site
All experiments were conducted at Hancock Biological Station, which is situated
on the edge of Kentucky Lake, Kentucky, USA, a Tennessee Valley Authority reservoir
on the Tennessee River. Kentucky Lake stretches approximately 295 km from Kentucky
Dam at TRM 22.4 to Pickwick Landing Dam at TRM 206.7 (Sickel & Burnett, 2002) and
has a mean discharge of 1812m³s⁻¹ (White, 2014). Kentucky Lake is considered
mesotrophic and has seasonally dictated nutrient concentration patterns (Bukaveckas,
Williams & Hendricks, 2002; Yurista et al., 2004). Hancock Biological Station is
situated on the edge of an embayment along the western edge of Kentucky Lake. During
the experiment from July 2, 2019 to August 28, 2019, the average temperature ranged
from 28.2 – 29.7⁰C (x̅ ± SE = 29.14 ± 0.45⁰C), dissolved oxygen ranged from 1.94 – 7.87
mg/L (x̅ ± SE = 5.41± 1.79 mg/L) and pH ranged from 7.45 – 7.66 (x̅ ± SE = 7.53 ±

39
0.07), ammonia levels ranged from 0.02 – 0.03 mg/L (x̅ ± SE = 0.02 ± 0.003 mg/L), and
chlorophyll levels ranged from 9.22 – 18.8 μg/L (x̅ ± SE = 14.3 ± 2.8) in Kentucky Lake
(Hancock Biological Station, HBS, unpublished data). These data were collected from
two long-term monitoring sites near the embayment where Hancock Biological Station is
located.
I also collected additional Asian clams for my experiment from one site in the
Little River, KY, USA. The Little River is a major tributary of the Lower Cumberland
River drainage beginning in Christian County, KY and eventually terminating at its
confluence with Lake Barkley, an impoundment of the Cumberland River (White et al.,
2001; Haag & Cicerello, 2016). The collection site was located in the south fork of the
Little River within the city of Hopkinsville (36.814713, -87.496777).
Study Species and Collection
I used P. dombeyanus and A. plicata in my study because they are the most
prevalent mussel species in Kentucky Lake (Sickel & Burnett, 2002). P. dombeyanus is
found across the southeastern United States, but in Kentucky is generally restricted to the
Tennessee and lower Cumberland Rivers (Haag & Cicerello, 2016). This species is most
common in clay or mud slopes, but also occurs in gravel and sand (Williams, Bogan &
Garner, 2008). The glochidial host fish species for P. dombeyanus is unknown (Williams,
Bogan & Garner, 2008; Haag & Cicerello, 2016). A. plicata is one of the most widely
distributed mussel species in the United States and can also be found across the state of
Kentucky (Haag & Cicerello, 2016). This species inhabits a variety of substrates but is
most commonly found in sand and gravel (Parmalee & Bogan 1998). A. plicata’s host
fish species is not known, but it is believed to be a generalist (Haag & Cicerello, 2016).
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Asian clams have been present in Kentucky Lake since the late 1950s and are now one of
the most abundant bivalves (White, 2014).
I hand-collected P. dombeyanus and A. plicata mussels and Asian clams from
Kentucky Lake and Asian clams from Little River, KY via a combination of snorkeling
and SCUBA in May/June 2019. After collection, mussels and clams were placed in mesh
cages or bags and securely stored off the shoreline of Kentucky Lake. Storage containers
were monitored each day to ensure complete water coverage. All mussels used were
returned to Kentucky Lake at the end of the experiment.
Experimental Design
The experimental setup consisted of 30, 0.69 m2 cattle tanks filled with
approximately 10 cm of sand to provide substrate for mussels and clams. Each flowthrough tank was covered with window screening to aid in shading and prevent predation
by mammals. A shade cloth was also placed approximately 1.5 m above the entire flowthrough setup. The flow-through tanks were gravity-fed from a 4,163 L storage tank
filled with unfiltered water via a well pump placed in Kentucky Lake, which provided a
food supply for the mussels and clams. Water flow was approximately 1,440 L per day,
resulting in roughly 12 water changes in each tank per day. The pump used to extract
water from Kentucky Lake was attached to a floating dock. Therefore, depth from which
water was pumped varied, as Kentucky Lake is an impoundment with water levels
dictated by dam release rates. Each tank had its own inflow pipe with a valve that could
be used to adjust the flow rate and an outflow pipe. The individual inflow pipes were
attached to the main pipe from the storage tank. Flow rates were checked daily and
adjusted as needed based on the amount of water exiting each tank within 30 seconds.
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The valve on the inflow pipe was adjusted until an outflow rate of 1L per minute was
achieved.
My experiment consisted of a 4 x 2 factorial design with density (high, medium,
low, and none) and organism [Asian clam (AC) or native mussel (NM)] as factors.
Organism treatments with Asian clams were stocked by weights which were
approximately equal to 1000 (3174 g), 100 (468 g), and 10 (69 g) individuals/m² based on
the average weight of 100 randomly chosen Asian clams I collected
(x̅ =4.6 g per Asian clam, including shell). Organism treatments with native mussels were
stocked such that the clearance rates of added mussels were equal to the corresponding
Asian clam treatment relative to the total biomass (g) placed into each tank. Details on
how clearance rates were used to determine stocking densities can be found in Chapter 2.
As a result of these trials, densities of stocked mussels corresponded to: A. plicata - low
(90.84 total grams and ~2 mussels; ~3/m²), medium (617.7 total grams and ~4 mussels;
~6/m²), and high (4178.9 total grams and ~25 mussels per tank; ~36/m²) and P.
dombeyanus – low (153.0 total grams and ~2 mussels; ~3/m²), medium (1040.5 total
grams and ~7 mussels, ~10/m²), and high (7038.9 total grams and ~45 mussels; ~65/m²,
7038.9g). Each tank also had an additional 4 A. plicata and 4 P. dombeyanus (8 total
mussels) present as a part of a separate experiment described in Chapter 2.
I replicated each treatment four times (7 total treatment combinations), left two
tanks empty, and randomly assigned treatments to each tank. All Asian clams collected
from Kentucky Lake and the Little River were mixed before random assignment to
treatment tanks to reduce potential effects of collection location on experimental results.
The Asian clams and native mussels corresponding with each treatment were stocked in
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their assigned tanks on July 2, 2019 and were then left undisturbed for eight weeks until
August 28, 2019, less occasional checks for mortalities. If a mortality of a treatment
mussel or Asian clam occurred, the individual was replaced with a similar sized
individual. Weekly, I measured total suspended solids and total organic solids, water
chemistry parameters (temperature, pH, and dissolved oxygen), and ammonia levels in
each tank. Details on water quality methods and results can be found in Chapter 2.
Biofilm Quantification
Beginning in week 3 of the experiment, one ceramic tile was removed from each
tank biweekly through week 7. Tiles were numbered one through three, with one being
the tile closest to the outflow pipe. Before removing the tiles, a number between one and
three was randomly selected and the corresponding tile was removed from each tank. In
the lab, I used a plastic-bristled brush to scrape the accumulated biofilm on each tile into
a beaker containing 100 mL of DI water. I filtered the water and biofilm solution through
pre-washed, dried, and weighed fiberglass filters using a vacuum suction apparatus. If the
filter clogged, filtration was stopped and the amount of the solution used was recorded
for future calculations. After filtration, the filters were dried in an oven at 60⁰C for 18
hours and then weighed to determine total suspended solids (TSS). Filters were then
placed in the kiln at 450⁰C for four hours, and then reweighed to obtain ash-free dry
weight (AFDW). I quantified biofilm production as the total organic solids (TOS = TSS –
AFDW) present on each ceramic tile.
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Figure 3-1. The location of ceramic tiles used to measure biofilm production as total
organic solids (TOS) in a mesocosm experiment in Murray, KY, USA from July through
August 2019.

Data Analysis
A description of my analyses and results from water quality parameters can be
found in Chapter 2. I assessed the influence of density, organism, and their interaction on
biofilm production (measured as TOS) in weeks 3, 5, and 7 using generalized linear
models in Program R version 3.5.1 (R Core Team, 2018). After evaluating the residuals
and qqplot (Wickham, 2016) for each GLM, I used the log of TOS for a better model fit.
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As we found no effect of the interaction between density and organism on TOS in weeks
3, (F₂ = 0.98, p = 0.40), 5 (F₂ = 0.56, p = 0.58), or 7 (F₂ = 0.57, p = 0.57), I present the
results of the additive models only for the density and organism factors during each
week. If I found a significant effect of density or organism, I calculated the effect size
between each combination of factors as the unpaired mean difference and associated 95%
confidence intervals using the Program R package dabestr (Ho et al., 2018). I considered
parameters with effect size 95% confidence intervals that did not cross 0 significant.
Results
Biofilms
Density did not influence biofilm production in weeks 3, 5, and 7, and organism
had no influence on biofilm production in weeks 3 and 5 (Table 3-1, Table 3-2). In week
7, there was an effect of organism on biofilms (Table 3-2). Biofilm production was
approximately 3 and 1.8 times greater in the native mussel treatment compared to the
control and Asian clam treatments, respectively (Table 3-3, Figure 3-2).
Discussion
The presence of Asian clams had no effect on biofilm production during any
week. Conversely, I found native mussels increased biofilm production after 7 weeks. My
study supports others that have demonstrated positive effects of mussels on biofilm
production (Spooner & Vaughn, 2006, 2012; Atkinson et al., 2013; Atkinson, Kelly &
Vaughn, 2014) and to my knowledge is the first to demonstrate differences in the
response of biofilms to Asian clams and native mussels. Reasons for a positive
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Table 3-1. The mean and standard errors associated with the total organic solids on ceramic tiles collected after 3, 5, and 7 weeks of
being placed into mesocosms in Murray, KY, USA with none (control), low, medium, and high densities of Asian clams (AC) or
native mussels (NM).
Treatment
Week 3 (Mean ± SE)
Week 5 (Mean ± SE)
Week 7 (Mean ± SE)
Control
0.033 ± 0.011
0.058 ± 0.015
0.088 ± 0.009
Low AC
0.041 ± 0.007
0.072 ± 0.026
0.062 ± 0.010
Med AC
0.084 ± 0.021
0.048 ± 0.013
0.066 ± 0.022
High AC
0.051 ± 0.005
0.111 ± 0.045
0.302 ± 0.160
Low NM
0.046 ± 0.006
0.057 ± 0.002
0.247 ± 0.096
Med NM
0.061 ± 0.026
0.108 ± 0.050
0.219 ± 0.073
High NM
0.041 ± 0.004
0.108 ± 0.026
0.315 ± 0.101
Table 3-2. The degrees of freedom, sum of squares (SS), mean squares (MS), F-values, and p-values associated with generalized linear
models assessing the influence of density (none, low, medium, and high) and organism (none [control], Asian clams, and native
mussels) on the log of total organic solids (mg/mL) on ceramic tiles collected after 3, 5, and 7 weeks of being placed into mesocosms
in Murray, KY, USA. Bolded p-values indicate a significant result.
Treatment
df
SS
MS
F-value
P-value
Week 3
Density
3
1.199
0.3998
2.156
0.123
Organism
1
0.165
0.1655
0.893
0.356
Residuals
21
3.893
0.1854
Week 5
Density
3
1.191
0.397
0.966
0.425
Organism
1
0.433
0.4327
1.053
0.315
Residuals
23
9.449
0.4108
Week 7
Density
3
3.313
1.104
1.932
0.1526
Organism
1
6.096
6.096
10.663
0.0034
Residuals
23
13.15
0.572
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Table 3-3. Unpaired mean differences (MD) between treatments and their 95% confidence intervals associated with the log of total
organic solids (mg/mL) collected from tiles after week 7 of being placed into mesocosms with Asian clams (AC), native mussels
(NM), or neither (Control) in Murray, KY, USA. Bolded unpaired mean difference values indicate a significant result.
Comparison
MD (95 % CI)
AC:Control

-0.09 (-0.63; 0.55)

NM:Control

0.92 (0.56; 1.29)

NM:AC

1.01 (0.32; 1.65)
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Figure 3-2. Mean biofilm production (measured as TOS (mg/mL)), standard deviations,
and raw data points (top) and effect sizes (unpaired mean differences) and 95% CIs of
biofilm production exposed to different organisms (Asian clam [AC] or native mussel
[NM]) during a mesocosm experiment completed in Murray, KY, USA.
relationship between mussels and biofilm production compared to Asian clams may be
caused by differences in their production and subsequent use of feces and pseudofeces.
These feces and pseudofeces contain nutrients that may contribute to biofilm growth
(Spooner & Vaughn, 2006, 2012; Vaughn, Spooner & Galbraith, 2007), as musselderived nutrients have been tracked and found within organisms comprising biofilms
(Atkinson, Kelly & Vaughn, 2014). Though Asian clams also produce a large amount of
feces, studies suggest they may utilize these pseudofeces and feces via pedal feeding,
making them less available to other organisms (Werner & Rothhaupt, 2008). When pedal
feeding takes place, Asian clams are able to significantly reduce the organic materials in
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sediment (Hakenkamp & Palmer, 1999). Conversely, adult mussels likely do not pedal
feed (Reid et al., 1992), which may increase the availability of their biodeposits to other
organisms, like those comprising biofilms, and ultimately enhance biofilm growth via
increases in food availability.
In addition to differences in biodeposition, the mass-specific filtration rates of
native mussels are lower than Asian clams (McMahon, 1991) and native mussels are
more selective feeders (Atkinson et al., 2011). Therefore, mussels likely leave more
nutrients in the water column that are then accessible to organisms comprising biofilms.
With increased food availability, biofilm growth should benefit via increases in
reproduction and survival of the organisms that comprise biofilms. Moreover, native
mussels have been found to preferentially select nanoeukaryotes when feeding, which
correlated to an increase in bacteria, whereas Asian clams are less selective in the
microorganisms they feed on (Atkinson et al., 2011). Thus, Asian clams may remove
organisms from the water column at a greater rate that would otherwise contribute to or
promote the production of biofilms.
My study and previous research suggest native mussel population declines may
indirectly affect larger ecosystem level processes (e.g. nutrient cycling) by reducing
biofilm growth. Moreover, my results suggest Asian clams do not fill the same ecological
roles as native mussels relative to biofilm production within aquatic systems. As a result,
it is possible the loss of native mussels and invasion of Asian clams could have
ecosystem level affects via changes in biofilm production, which may lead to reductions
in food resources for other aquatic organisms and alter nutrient cycling (Atkinson et al.,
2011).
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CHAPTER 4
A SURVEY OF THE CURRENT STATUS OF THE MUSSEL FAUNA IN THE
LITTLE RIVER, KENTUCKY
Abstract
A comprehensive survey of the Little River system, Kentucky, USA and its
mussel fauna has not been conducted. It is important to evaluate the current status of
mussels in the Little River to aide in the management and conservation of freshwater
mussels within KY. I conducted a survey of the Little River to understand the current
status of its mussel fauna. Based on historical data and biological water quality
assessments conducted in 2003 that indicated most sites surveyed in the Little River were
“not supporting of aquatic biota”, I expected live mussels to be uncommon throughout
the watershed. I established 31 survey sites along the Little River and its tributaries and
surveyed the sites between July and October 2019. I used a timed-search method and
estimated mussel abundance as catch-per-unit-effort. I also dedicated approximately 20
minutes at each site to searching for shells along the banks of the stream. I collected
photo vouchers of each live specimen and collected all shells, which I cleaned, identified,
and added to the Murray State University mussel collection. Overall, I found 24 species
in the Little River system, three of which had not been previously recorded from the
system. Combined with previous records from short sampling events, a total of 28 species
are known from the Little River system. I found live mussels at seven sites and only 9
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species were found as live individuals or freshly dead shells. Live mussel abundances
were low at all sites (mean CPUE = 0.0092 mussels/minute; range = 0 – 0.11
mussels/minute). There are no previous estimates of mussel abundance in the Little River
system to compare my estimates. However, the scarcity of live mussels and the presence
of most species as only relic shells suggests that mussel populations have declined
dramatically in the Little River system. If the Little River is to be considered a candidate
for conservation efforts we need a better understanding of the underlying causes of the
mussel decline.
Background
Native, freshwater mussels contribute to the overall health and functioning of
aquatic ecosystems (Haag & Williams, 2014; Lopes-Lima et al., 2017). Mussels remove
nutrients and sediments from the water column (Vaughn, Nichols & Spooner, 2008) and
excrete the nutrients they remove in readily available forms for other organisms to utilize
(Atkinson et al., 2013). Additionally, mussels stabilize streambeds and influence other
aquatic organisms through modification of their habitat (e.g. macroinvertebrates)
(Vaughn & Hakenkamp, 2001; Strayer et al., 2004; Spooner & Vaughn, 2006). Though
clearly important to aquatic ecosystems, mussels have one of the highest extinction rates
of any taxonomic group (Haag & Williams, 2014) because of anthropogenic factors
including channelization, impoundment, pollution, and invasive species (Lydeard et al.,
2004). Given often rapid responses of mussels to environmental change and their
importance to the functioning and health of aquatic ecosystems, native, freshwater
mussels serve as important environmental indicators (Vaughn, 2017). Thus,
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understanding past and current mussel distributions within aquatic ecosystems can help
us monitor the health of aquatic ecosystems.
Kentucky, along with Tennessee, Alabama, and Georgia, have the greatest
diversity of mussels in North America (Haag, 2012). Based on historical data,
Kentucky’s mussel fauna was believed to be largely intact in the 1800s (Haag, 2009).
Since then, nearly all rivers and their respective tributaries in Kentucky have experienced
some level of species loss (Haag & Cicerello, 2016). The largest declines have been
observed in the lower and middle Cumberland River drainages, where nearly half of all
known mussel species have disappeared (Haag & Cicerello, 2016). The Little River is a
tributary of the lower Cumberland River that previously supported a diverse mussel fauna
of at least 25 species (Haag & Cicerello, 2016). Surveys in the system from 1990-2015
indicate an 82% decline in species richness (Haag & Cicerello, 2016). However, the
Little River system has never been surveyed comprehensively and the current status of
the mussel fauna is poorly known. Thus, the objective of my study was to survey the
Little River system to establish the current status of the mussel population and document
changes in the fauna over time.
Methods
Study Area
The Little River is a major tributary of the Lower Cumberland River drainage
located in the Highland Rim section of the Interior Low Plateau province (Haag &
Cicerello, 2016). The Little River begins in Christian County, KY and eventually
terminates at its confluence with Lake Barkley, an impoundment of the Cumberland
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River (White et al., 2001). Many springs are present in this region because of large
limestone deposits (McGrain, 1983). These springs contribute to consistent flows and
cooler temperatures during warmer months within the Little River (White et al., 2001;
Hendricks, Luttenton & Hunt, 2006; Hendricks, White & Timmons, 2006). Substrates in
the Little River consist of gravel, sand, bedrock, and silt (White et al., 2001; Hendricks,
Luttenton & Hunt, 2006; personal observations). Land-use around the Little River is
predominately row-crop and pasture agriculture operations, with varying levels of
urban/suburban development around the headwater streams near Hopkinsville, KY, and
closer to its confluence around Cadiz, KY (Hendricks, Luttenton & Hunt, 2006).
Survey Techniques
I surveyed 31 sites along the Little River and its tributaries from July – October
2019. Survey sites were located at road access points and surveyed if water was clearly
flowing. Sites with pooled, stagnant, or no water were not surveyed, except for four
randomly selected sites which were surveyed for shell material to determine if flowing
water had recently been present. We used a timed-search survey to estimate mussel
abundance as catch-per-unit-effort (CPUE) (Metcalfe-Smith et al., 2000). At sites located
on the main channel of the Little River, a total of two person-hours were spent searching,
and one person-hour was spent at sites along tributaries. A minimum of two researchers
were present at each site. The CPUE searches were conducted using snorkeling, glassbottomed view buckets, and tactile searching depending on depth, water clarity, and
substrate type of the study site. While this method does not give an absolute abundance
estimate, it is the best survey method for covering the most ground. When a live mussel
was encountered during the timed-search, it was removed from the substrate, a photo was
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taken, and the location of the individual was recorded with a GPS location. I then placed
the mussel back in the streambed as close to its original location as possible.
In addition to sampling for live mussels, I conducted 20 to 30-minute searches of
the stream bank and the stream bed for dead shells. I completed these shell surveys to
document what the mussel population may have looked like historically and to determine
what mussel species could be present currently but were not observed in the water during
the time-search survey. I labeled and bagged all shells encountered and returned them to
the lab for cleaning and identification. I recorded whether each shell was freshly dead or
relic. Shells with lustrous nacres were considered freshly dead, and weathered, dull shells
were considered relic. All shell material will be deposited in the Murray State University
mussel collection.
Results
A total of 37 person-hours were spent at sites (Table 4-1). I recorded 173 relic
shells representing 19 species, 20 freshly dead shells representing 5 species, and
encountered 33 live individuals representing 7 species (24 species overall; Table 4-2).
My total is similar to surveys conducted prior to 1990 (25 species), but I did not find
seven species reported during that time, and four species reported previously as live
individuals were found only as relic shells during my survey. However, I found three
species (Pleurobema sintoxia, Toxolasma lividum, and Toxolasma parvum) that were not
previously reported in the Little River system (Table 4-3).
I found nine species live or as freshly-dead shells at seven sites (Table 4-2) and all
other species were present only as relic shells (Table 4-3). Live mussel abundance was

54
low at all sites (mean CPUE = 0.0092 mussels/minute; range 0-0.11 mussels/minute).
Three of the live mussels found (one at LR017, one at LR028, and one at LR030) were
young, likely less than five years old (Dr. Wendell Haag, personal communication). The
invasive Asian clam, Corbicula fluminea, was present at 54.8% of sites.
Relic shell specimens were found at 12 sites, and the number of relic shells
ranged from 1–35 at sites where relic shells were found. Four sites were dry when
surveyed and 20 minutes was spent at each site searching for shells (LR006, LR007,
LR015, LR026). No shell material was found at those sites.
Discussion
Overall abundance of live mussels was low and the species richness of live
mussels was lower in my survey compared to the previous, less comprehensive mussel
surveys conducted in the Little River. As I only collected live individuals or shell
material from 19 of the 31 sites, mussels appear to be locally present and not widespread
throughout the system. Furthermore, the lack of relic shells at many sites suggests
freshwater mussels have not been present in large sections of the Little River for an
extended period of time and that the Little River is an unhealthy system unable to sustain
a healthy mussel community.
My results confirm that the Little River is experiencing an enigmatic mussel
decline (Haag, 2019). The most recent and comprehensive water quality and biological
assessments of the Little River measuring physiochemical parameters, algae,
macroinvertebrates, and fish, as well as suitability for aquatic organisms, completed in
2003, classified 29 of 32 sites surveyed in the Little River as “not supporting of aquatic
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Table 4-1. Site code, stream name, GPS location, and number of person-hours spent at each site during a survey of the Little River
system, KY, USA. Sites with dashes (--) for number of person hours were dry and only searched for shell material.
Site
LR001
LR002
LR003
LR004
LR005
LR006
LR007
LR008
LR009
LR010
LR011
LR012
LR013
LR014
LR015
LR016
LR017
LR018
LR019
LR020
LR021
LR022
LR023
LR024
LR025
LR026
LR027
LR028
LR029
LR030
LR031

Stream Name
Little River
Sinking Fork
Boyd Lake Branch
South Fork Little River
Casey Creek
Caney Creek
Caney Creek
Burge Creek
Potts Creek
Casey Creek
Sinking Fork
Muddy Fork
Sinking Fork
Muddy Fork
Stillhouse Branch
North Fork Little River
North Fork Little River
Little River
Little River
Muddy Fork Little River
Brushy Grove Creek
Muddy Fork Little River
Wallace Fork
Muddy Fork Little River
Sugar Creek
Burns Creek
Kenady Creek
North Fork Little River
South Fork Little River
Upper Branch North Fork Little River
Sinking Fork

GPS Location
36.778283, -87.720780
36.822813, -87.706761
36.820647, -87.701982
36.814713, -87.496777
36.776360, -87.716031
36.819532, -87.870583
36.833747, -87.851734
36.818200, -87.814856
36.772423, -87.750749
36.756012, -87.725190
36.843331, -87.640855
36.886822, -87.583152
36.912051, -87.572333
36.898284, -87.539275
36.851134, -87.746165
36.866029, -87.490842
36.868547, -87.489086
36.754806, -87.672166
36.760220, -87.551263
36.946107, -87.787036
36.974670, -87.747680
36.978066, -87.710099
36.995845, -87.699899
36.965899, -87.708810
36.996378, -87.684591
36.991320, -87.786531
36.951440, -87.796662
36.873949, -87.472117
36.826898, -87.495003
36.891566, -87.457559
36.881217, -87.609282

Person-hours spent at site
2
1
1
2
1
--1
1
1
1
1
0.5
1
-2
2.5
1.5
1.25
2.25
1.25
2
2
1
1
-1
2
0.75
2
1
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Figure 4-1. Map of 31 sites (black dots) surveyed along the Little River and its tributaries from July – October 2019 in western KY,
USA.
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Table 4-2. The catch-per-unit-effort, total number of species found (number of live/freshly dead (FD) shells), number of live
individuals, number of fresh and relic shells, and presence of Corbicula fluminea (Asian clam) (live and/or shell material) at each site
surveyed on the Little River in western Kentucky from July 2019 through October 2019. Dashes (--) indicate dry sites only searched
for shell material.
Site

Stream Name

LR001
LR002
LR003
LR004
LR005
LR006
LR007
LR008
LR009
LR010
LR011
LR012
LR013
LR014
LR015
LR016
LR017
LR018
LR019
LR020
LR021
LR022
LR023
LR024
LR025
LR026
LR027
LR028

Little River
Sinking Fork
Boyd Lake Branch
South Fork Little River
Casey Creek
Caney Creek
Caney Creek
Burge Creek
Potts Creek
Casey Creek
Sinking Fork
Muddy Fork
Sinking Fork
Muddy Fork
Stillhouse Branch
North Fork Little River
North Fork Little River
Little River
Little River
Muddy Fork Little River
Brushy Grove Creek
Muddy Fork Little River
Wallace Fork
Muddy Fork Little River
Sugar Creek
Burns Creek
Kenady Creek
North Fork Little River

CPUE (number
of live mussels
per minute)
0
0
0
0
0
--0
0
0
0
0
0
0
-0.017
0.110
0.008
0
0.015
0
0.015
0
0
0
-0
0.075

Total number of
species found
(number live/FD)
6(0)
0
0
0
0
--0
0
0
0
0
0
0
-5(4)
5(5)
11(1)
7(0)
8(2)
1(0)
3(3)
1(0)
0
0
-0
4(4)

Number of live
individuals
0
0
0
0
0
--0
0
0
0
0
0
0
-2
16
1
0
2
0
2
0
0
0
-0
9

Number of
fresh dead
shells
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
5
3
0
0
0
0
1
0
0
0
0
0
8

Number of
relic shells
13
0
0
0
0
0
0
0
0
0
0
0
0
0
0
18
35
26
19
16
1
1
1
0
0
0
0
33

Corbicula
fluminea
present?
Yes
Yes
No
Yes
Yes
No
No
No
No
No
Yes
No
Yes
No
No
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
No
No
No
No
Yes

58
Table 4-2. Continued.
LR029
LR030
LR031
Mean

South Fork Little River
Upper Branch North Fork
Little River
Sinking Fork

0
0.0083

3(0)
1(1)

0
1

0
3

4
6

Yes
Yes

0
0.0092

0
2.04

0
1.22

0
0.65

0
5.58

Yes
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Table 4-3. Freshwater mussel species found in the Little River, Kentucky during surveys completed pre-1990, from 1990-2015, and
2019. Mussels found alive are indicated with an L, freshly dead shells with an F, and relic shells with an R; previous reports for which
the condition was not reported are indicated by P (present). An asterisk (*) indicates a species of concern by the American Fisheries
Society (AFS; Williams et al., 1993) and a dash (--) indicates a species not recorded. Pre-1990 and 1990-2015 data from Haag and
Cicerello (2016).
Species
Pre-1990¹
1990-2015¹
2019 (Present survey)¹
Actinonaias pecterosa*
R
-R
Alasmodonta marginata*
P
--Amblema plicata
L
L
R
Anodontoides ferruscianus
L
L
L
Cyclonaias pustulosa
P
--Cyclonaias tuberculata*
P
-R
Eurynia dilatata
R
R
R
Fusconaia flava
R
L
R
Lampsilis cardium*
R
R
R
Lampsilis fasciola
R
-R
Lampsilis siliquoidea
L
R
R
Lampsilis teres
L
--Lasmigona complanata
P
-L
Lasmigona costata
R
R
R
Leptodea fragilis
L
L
L
Megalonaias nervosa
P
-L
Pleurobema sintoxia
--R
Potamilus alatus
L
R
L
Potamilus ohiensis
L
--Ptychobranchus fasciolaris
R
-R
Pyganodon grandis
L
R
L
Strophitus undulatus
P
--Toxolasma lividum*
--F
Toxolasma parvum
--F
Tritogonia verrucosa
L
R
R
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Table 4-2 Continued.
Species
Pre-1990¹
1990-2015¹
2019 (Present survey)¹
Truncilla truncata
P
-R
Utterbackia imbecillis
L
-L
Villosa iris
L
--Villosa lienosa
L
--Villosa taeniata
L
R
R
Villosa vanuxemensis*
L
L
R
Total number species reported
25
13
24
Number live or freshly dead
12
5
10
¹Person-hours for the 2019 survey were 37 hours. Person-hours for surveys completed pre-1990 and from 1990-2015 are unknown.
The number of sites surveyed was 31for the 2019 survey, but is unknown for the pre-1990 and 1990-2015 surveys.
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biota” (Hendricks, White & Timmons, 2006). Compared to results from previous water
quality and biological assessments of the Little River in 1988 and 2000, the Little River
remained a degraded system for aquatic organisms (Hendricks, White & Timmons,
2006). In 2000, the amount of sites considered “not supporting of aquatic biota” was
25%, but in 2003 it increased to 91% (Hendricks, White & Timmons, 2006). Thus, water
quality is likely related to the lack of healthy mussel populations within the Little River.
Moreover, stressors previously linked to mussel declines (e.g. agriculture and
urbanization) and that may influence water quality are present in the Little River system.
Specifically, agricultural land use is linked to declines in mussel biodiversity (Randklev
et al., 2013) and large portions of the Little River and its tributaries are surrounded by
agricultural operations including row-cropping and livestock pasture, which are
considered one of the main causes of stream degradation in the Little River (White et al.,
2001; Hendricks, Luttenton & Hunt, 2006; Hendricks, White & Timmons, 2006).
Specifically, because of agricultural operations the Little River has elevated levels of
nitrogen, which could lead to increased ammonia, and greater pesticide levels (Haag et
al., 2019). Both of these factors are correlated with lower juvenile mussel growth (Haag
et al., 2019). In my survey, nearly all live mussels were located at sites within the city of
Hopkinsville, which may support the hypothesis that agriculture is playing a role in the
declines of mussels in the Little River. Though live mussels were found within the Little
River, the majority of them occurring within an urban area should raise some concerns as
these sites are vulnerable to further degradation.
The arrival of Asian clams in some streams and the estimated onset of
unexplained mussel declines appear to be related in many southeastern freshwater
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systems (Haag, 2019). In my survey, Asian clams were present at 17 of 31 (54.8%)
survey sites and were at relatively high densities at several of these sites. Asian clams
were found at all sites where we located live mussels or shells, with the exception of one.
However, at this site, only one relic mussel shell was found. Although 14 survey sites had
no Asian clams, at nearly all of those sites no mussels (live or shell material) were found
either. Though our survey does not allow us to measure any potential effects of the Asian
clam invasion on native mussels in the Little River, Asian clams should not be discounted
as a potential factor contributing to mussel declines.
Though 78% of Kentucky’s mussel species still remain, many face future
population declines as human-driven land use change continues to outpace restoration
and conservation capabilities (Haag & Cicerello, 2016). To combat these losses and
mitigate future effects, more aggressive conservation and restoration action has been
suggested (Geist, 2010). If the Little River is to be considered a candidate for
conservation efforts, my survey suggests we need a better understanding of why mussels
have declined so precipitously throughout the system. Additional studies assessing the
quality of the Little River system are necessary to identify specific restoration practices
needed to allow the Little River to sustain healthy mussel communities and populations.
Moreover, continued, regular surveys of the mussel populations throughout this system
should be conducted to maintain a more accurate assessment of how populations are
trending over time.
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CHAPTER 5
CONCLUSION
Freshwater mussel populations are threatened and declining globally (Bogan,
1993). Regardless of the underlying reasons for mussel declines, an understanding of how
losses in native bivalves and replacement with invasive bivalves will influence aquatic
ecosystems and our remaining mussel fauna is necessary to plan for conservation actions
and watershed management. If all bivalve species fill the same ecological roles at similar
rates, then a reduction in species diversity may have little effect on an ecosystem
(Vaughn & Hakenkamp, 2001). However, if different species play distinct roles which
cannot be filled by another, the same reduction in diversity may begin to alter the
functionality of an ecosystem (Vaughn & Hakenkamp, 2001). Though previous literature
reviews have suggested the link between Asian clam presence and a decline in native
species to be weak and uncertain (e.g. Strayer, 1999), the results of my study suggest
Asian clams may act as an additional stressor on some species of native mussels, like A.
plicata, particularly because of the densities they can reach and their dominance in many
systems compared to native mussels (Chapter 2). Additionally, Asian clams may
influence nutrient cycling, which I did not measure in my study, by not stimulating the
production of biofilm in the same way as native mussels (Chapter 3). Thus, Asian clams
may not fill the same ecological role as native mussels resulting in a loss of the
ecosystem functions provided by those mussel species.
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I also established the current status of freshwater mussel populations in the Little
River. The Little River is considered to be a highly disturbed freshwater system largely
influenced by human-driven land use changes (Hendricks, White & Timmons, 2006). It
has been suggested as mussel declines become more frequent, more aggressive
conservation and restoration action will need to occur (Geist, 2010). High risk and costly
strategies (e.g. reintroductions), which are normally a last resort, are becoming more
common as mussel declines continue (Haag & Williams, 2014). Though the mussel
community within the Little River is relatively similar to historic surveys, the abundance
of mussels was low and they appeared to be absent from many parts of the river (Chapter
4). Thus, prior to any conservation efforts within the Little River we must gain a better
understanding of why the abundances of mussels within the river are low and localized.
In an increasingly human-dominated world, land use changes and biotic exchange
of invasive species are some of the most critical drivers of biodiversity loss (Didham et
al., 2007). Specific to mollusks, invasive species may play one of the largest roles in
worldwide mollusk declines (Lydeard et al., 2004). Unsurprisingly, most studies predict
climate change will only further promote the expansion and establishment of non-native
mollusks, like Asian clams, in new areas (Kolar & Lodge, 2002; Moss et al., 2011;
Bellard et al., 2013; Ferreira-Rodríguez & Pardo, 2017). Invasive species are not the only
perturbation contributing to the decline in native mussel populations (Vaughn & Taylor,
1999), and are rarely the sole factor in extinctions (Bruno et al., 2005). However, the
presence of invasive species can further exacerbate the effects of other anthropogenic
disturbances. Additional experiments and field-based studies are needed to better
understand how Asian clams may negatively influence mussels and the results of my
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study indicate the importance of understanding differences across mussel species.
Additionally, we need to reassess mussel populations within watersheds to determine the
current status of our native, freshwater mussels and to determine where management and
conservation actions may be most successful.
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